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Microtubules exhibit dynamic instability in vivo and in vitro (with purified tubulin), stochastically switching between phases of persistent growth and shortening (reviewed in ref. 1). The growth phase is governed by the presence of a tubulin GTP cap at the end of the microtubule, and the structure we observe is tubulin protofilament sheet folded up into a blunt and straight microtubule. The shortening phase is initiated by the loss of the tubulin GTP cap, and we see the blossom structure of protofilaments, curved inside-out. The transitions back and forth between the growth and shortening phases include an intermediate phase in which the microtubule has lost its tubulin GTP cap but still, transiently, retains the straight, blunt structure chracteristic of the growth phase (2). Thus, for a microtubule to grow, new subunits must be added to the tubulin GTP cap; loss of the cap puts the microtubule in the intermediate phase. And for a microtubule to shorten, the protofilaments must first peel away from the central lattice and subsequently break off (3). If microtubules are polymerized with purified tubulin, cutting off the tubulin GTP cap, either mechanically or with UV, produces microtubules in the intermediate phase (2). For plus ends, the intermediate phase quickly switches to the shortening phase. For minus ends, the intermediate phase quickly switches back to the growth phase (2). Microtubule-associated-proteins (MAPS)-particularly neuronal MAPS such as MAP2 or Tauhave been shown to suppress microtubule dynamics (4). To test the hypothesis that MAPS promote switching from the intermediate to the growth phase, we used UV irradiation to cut the ends off MAPS-bound microtubules.
Sea urchin axonemes were added to a coverslip and glass slide chamber. The axonemes adhered to the surface of the coverslip. Then partially purified (i.e., 2-cycles) porcine brain tubulin (1.3 mg/ml) was added to polymerize microtubules. Note that porcine brain tubulin, after 2 cycles of warm-cold purification, still retains the endogenous MAPS from the homogenate, particularly MAP2 and Tau (5) . MAPS-bound microtubules were observed by video-enhanced differential interference contrast microscopy, and severed with a UV microbeam. The experimental apparatus has been described in detail (6).
Using a 5-s exposure of a UV microbeam (a 200-W mercury arc lamp served as the source), we cleanly severed single microtubules extending from the axonemes. We severed 23 minus ends and 39 plus ends. All were stable after being severed and did not exhibit immediate shortening. Instead, they continued to grow (Fig. 1) .
The behavior of severed minus ends of MAPS-bound microtubules was similar to that of severed minus ends of purifiedtubulin microtubules: they quickly switched from the interme-I University of North Carolina, Chapel Hill, NC 27599. diate phase back to the growth phase. However, the behavior of the severed plus ends of MAPS-bound microtubules was different from that of severed plus ends of purified-tubulin microtubules: the severed MAPS-bound microtubules switched back to the growth phase, whereas severed purified- The neuronal growth cone appears at the tip of dendrites and axons where it plays an important role in the navigation of dendritic and axonal growth. Growth cones are rich in actin fibers, which are presumably involved in growth cone movement. Careful observations of labeled actin filaments with a fluorescent microscope or of native actin bundles with a videoenhanced differential interference contrast (DIC) microscope have revealed important aspects of actin-related dynamics, such as retrograde flow (1) treadmilling of actin (2), and the involvement of myosin V in filopodial elongation (3). But the molecular mechanisms of growth cone movement are still in debate, because actin bundles in living cells are difficult to visualize. New methodologies are needed for understanding the mechanisms of growth cone movement. Therefore, we observed actin bundles in living growth cones with the Pol-Scope (4). In contrast to the traditional polarized light microscope, the Pol-Scope reveals birefringent components independent of their orientation, and measures their retardance with high sensitivity and resolution over the whole held of view (4). In this paper, we demonstrate the feasibility of observing unlabeled actin bundles in living growth cones using the Pol-Scope and compare PollScope image with DIC image.
Bag cell neurons, from the abdominal ganglion of the marine opisthobranch mollusc, Aplysiu, form relatively large growth cones. We prepared primary cultures of bag cells according to the method of Kaczmarek and Strumwasser (5) . The cultured cells formed growth cones shaped like a thin lamellipodium for 1 to 3 days. Figure 1A shows a PollScope image of a growth cone in which several different birefringent components can be distinguished. Very prominent are radially aligned fibers that have the same location as the previously reported actin bundles (1, 6) . In addition to the radially aligned fibers, Figure 1A shows ' Dartmouth College, Hanover, NH 03755. the high birefringence of the central region of the nerve process, which is filled with aligned microtubules and vesicles. At the leading edge of the growth cone, the cell membrane is imaged as a birefringent double layer. This must be interpreted with caution because the detailed structure of the double layer contains edge birefringence caused by the difference between refractive indices of the cytosol and of the extracellular medium (7, 8) .
To confirm whether the radially aligned birefringent fibers are actin-based, we examined the effect of externally applied cytochalasin B. Cytochalasin B is well known to prevent polymerization of actin filaments in growth cones of the Aplysia bag cell neuron (1). When we added cytochalasin B to the external medium at the final concentration of 10 pm, all the radially aligned fibers were eliminated within l-2 min (Fig.  1B) . The radially aligned fibers reappeared several minutes after removing cytochalasin B from the extracellular medium. The effect of cytochalasin B on the birefringent fibers is similar to the effect on actin bundles reported by Forscher and S. J. Smith (1). Moreover, in fixed non-cytochalasin-treated cells, the radially aligned fibers were fluorescently labeled with rhodaminephalloidin, which selectively binds to actin filaments (Fig. 1C) . These results suggest that the radial bundles are indeed actinbased.
The filamentous actin network in a neuronal growth cone shows a constant retrograde flow in DIC images (1). The retrograde flow in growth cones was also recognized in time lapse movies of PollScope images. Moreover, we found that radially aligned actin bundles showed lateral associations as well as growth and retraction patterns.
Both the PollScope and DIC can reveal molecular architecture directly in living cells. Pol-Scope images of growth cones (Fig. lA, B, D) delineate birefringent objects against a dark non-birefringent background. Most importantly, image contrast of birefringent objects is independent of their orientation in the
